The invasion process can be described as a succession of stages initiated by the transport of organisms from their native range to a new area where they persist, proliferate and spread. It is important to monitor the demographic development of invaders for management purposes. This study focuses on the different stages of population development during the invasion process and underlines the importance of understanding and monitoring the 'persistence phase'. The distribution of Hemigrapsus sanguineus (Asian shore crab) in the English Channel, along the French coast, was first undertaken in 2008. In 2010, 35 sites were surveyed and it appeared that the abundance of this species had already established a 2-5 fold increase since 2008. The
Introduction
The collection of basic information on the occurrence and spatial distribution of alien species, their rate of spread and their biological and ecological traits is a stepping stone for the assessment of biological invasions (Katsanevakis et al. 2013 ). More specifically, it is necessary to assess the demographic strategies and ecological characteristics of alien species to estimate their impact on ecosystems. Invasive species can change the structure and the functioning of marine ecosystems (Grosholz 2002) at all biological levels (genome, individual, population, species, communities and ecosystem) via predation, parasitism, pathogen transfers and also physical and chemical modifications of habitats (Beisel and Lévêque 2010) .
Hemigrapsus sanguineus (De Haan, 1835) , one of today's most studied invaders in the USA is native to the north-western Pacific, and was observed for the first time in France in 1999 at Le Havre (Breton et al. 2002) . A survey of the spread of this species along the French coast of the English Channel was not initiated until the spring of 2008 (Dauvin et al. 2009 ). The crab was detected at 35 sites in the upper and middle mediolittoral zones, under boulders. Regular harvesting of juveniles and ovigerous females and the extent of the breeding season the small size of the first spawning (carapace witdth <10 mm) are proof of the strong reproductive capacity of this naturalised species along the French coast (Dauvin 2009a, b; Dauvin and Dufossé 2011) .
A density of 69 ind.m -² was observed in 2010 on the Cotentin Peninsula (La Hougue: Dauvin and Dufossé 2011) : this was one of the highest concentrations reported in 2010, in Europe. However, it remained low compared to densities observed on the east coast of USA for H. sanguineus and off the Island of Sylt in the Wadden Sea in northern Germany (2011) where densities exceeded 100 crabs per square metre (Brousseau et al. 2003; Jensen et al. 2002; Landschoff et al. 2013) . Indeed, the highest densities recorded were 305 ind.m -2 in Long Island (Kraemer et al. 2007 ) and 320 ind.m -2 at Townsends and Hereford Inlets, New Jersey (Mc Dermott 1998). H. sanguineus, through its increasing densities and its successful colonisation ability (expanding some 12 km per year along the eastern coast of the United States, Leppäkoski and Olenin 2000) , could considerably impact on the structure and functioning of marine ecosystems in the near future. Serious adverse impacts would include predation on mussels and/or juvenile oysters (Bourdeau and O'Connor 2003; Brousseau et al. 2001) which are cultivated along the French coast, and/or by interspecific competition (for space and/or resources) with indigenous species e.g. Carcinus maenas.
This study presents the demographic development and geographical distribution of H. sanguineus along the French coast of the English Channel.
Information on the demographic development of invaders is a prerequisite for the implementation of management procedures. Erroneous knowledge about the dynamics of an invader could lead to inaccurate assessments of the risks and thus overlook critical insight for protocol development (Crooks 2005) .
Material and methods

Study area and sampling procedure
Surveys were conducted in four geographical areas during different seasons in 2011 and 2012. From west to east: (i) the Cotentin Peninsula was investigated from Saint-Jean-Le-Thomas to La Hougue each year during the summer period (19 sampling sites), (ii) the coast of the 'Calvados Department' (from Grandcamp-Maisy to Honfleur) was prospected each year in spring (18 sampling sites), (iii) the Albâtre and Picarde coasts were sampled in spring and summer 2012 (21 sampling sites) and (iv) the Opal Coast, from Authie estuary to the Belgium border was studied during spring 2012 (14 sampling sites). Sites sampled in 2011 and 2012 in areas (i) and (iv) are the same as those studied in 2010 by Dauvin and Dufossé (2011) , while areas (ii) and (iii) represent 39 additional, new sites. Thus, in 2012, a total of 72 sites were studied along ca. a 700 km stretch of coastline (Appendices 1 to 4): 33 sites surveyed since 2008, a further 18 since 2011 and another 21 in 2012.
The sampling procedure was performed according to Dauvin and Dufossé (2011) at low tide in the mid-littoral zone on rocky substrates. Abundances were determined by collecting individuals underneath clusters of 30 boulders (boulders were selected at random and considered as representative for each site); a total of 90 boulders per site (3 clusters). Densities were estimated after specimens were collected from 1 m 2 quadrats which were randomly placed in the mid-littoral zone at each site (again 3 replicates). Within each quadrat, rocks and boulders were turned over from the centre to the side and all crabs collected by hand. The sand under the boulders was disturbed to collect buried individuals. To ensure that no crab escaped the sampling area, each sampling was performed by two people (one to turn the boulders over and one to collect the crabs). To standardise and ensure consistency, sampling was handled by a limited number of individuals. Crabs were placed in specifically marked plastic bags for both density and abundance. In the laboratory, crabs were counted, sexed and carapace width (CW) measured between the third anterolateral teeth (Delaney et al. 2008) . Crabs < 10mm (CW) were sexed under the microscope. Abundances were expressed as number of individuals under 30 boulders, and densities as number of individuals per square metre.
Data processing
Three stages of invasion were defined according to abundance data. A site was considered (i)'colonised' when more than 10 crabs were found, (ii) 'trace' when 1 to 10 crabs collected and (iii) 'not detected' when no crab was found. 'Proven presence' indicates sites where sampling procedures were inoperable but where H. sanguineus was encountered. Frequency distributions (%) of carapace-width (1 mm classes) were also determined. A t-test was used to determine differences in abundance of H. sanguineus between 2010-2011 and 2011-2012 for each study area (e.g. Cotentin Peninsula). Data examined for 2010 is from Dauvin and Dufossé (2011) . A Mann-Whitney Wilcoxon test was used to determine differences in abundance between 2010-2011 and 2011-2012 for the sampling sites (e.g. La Hougue). For all statistical tests, the risk level was set at 5%.
Results
Hemigrapsus sanguineus distribution
In 2012, H. sanguineus was detected at 61 sites out of a total 72 sampled (Figure 1b) . Three new sites supported the Asian crab, namely Dielette in the Cotentin Peninsula, and Grancamp-Maisy and St Aubin sur Mer along the Calvados coast. The presence of the crab was considered as 'trace' at 22 sites, 'colonised' at 36 sites and 'proven presence' at the remaining 3 sites. The most colonised areas were the Northern and the Eastern parts of the Cotentin Peninsula, the Calvados coast, South of the Albâtre Coast and North of the Opal Coast (Boulogne-sur-Mer to Dunkirk harbour) ( Table 1, Table 2 and Figure 1 ). 
Size distribution and sex-ratio
A total of 6,792 individuals were collected in 2012 with sizes ranging from 1-39 mm (carapace width, CW) for males and from 3-29 mm for females ( Figure 2 ). Three modal classes were observed: 4-5 mm CW for very young individuals, 11-12 mm for medium-sized individuals and 18-19 mm for large individuals. Medium and large individuals were observed during spring and summer, contrary to very young individuals which were generally observed in the spring. In 2012, 443 ovigerous females were observed throughout the sampling area (essentially during the summer); ranging from 6 to 29 mm; 53.1% were mature before reaching 19 mm (CW; Figure 2 ). The male/female sex ratio was examined during the reproductive period in summer 2012. Male/female sex ratio favoured males with a ratio of > 1 for all four geographical areas. An increased ratio of 1.79 was found along the Cotentin Peninsula, but an even greater ratio of 2.89 was found along the Albâtre and Picarde coast.
Abundances and densities
Population abundances remained unchanged in all areas between 2010-2011 and 2011-2012 (t-test, p>0.05 Figure 1a) were maintained in 2012. In the most colonised areas, primary and secondary vectors of introduction and spread, such as fishing and commercial harbours (Caen, Honfleur, Le Havre, Boulognesur-Mer, Calais and Dunkirk) were present. Bivalve farming areas (oysters and mussels) also exist in these areas. Maximum sizes observed in 2011 (35 mm CW for females and 41 CW for males: Dauvin and Dufossé 2011) and in the present study (29 mm CW for females and 39 mm CW for males) are comparable to those recorded in Japan and the United-States where 42 mm CW was registered for males (Fukui 1988, and McDermott 1998, respectively) .
Very young individuals (4-5 mm, CW), corresponding to recruits of the 0+ year, ovigerous females (respectively 9.1% and 6.5% of the global population sampled in 2012), as well as the small size of the first spawning (ca. 6 mm, Figure 2 ) are supplementary proof of the strong reproductive capacity of this species along the French coast. No ovigerous females were reported in spring 2008 (Opal Coast; Dauvin et al. 2009 ) contrary to 2012 observations. Very young individuals are more difficult to see and catch by hand which may explain why they were poorly represented compared to other size classes.
Male/female sex ratio observed in 2012 was favourable to males irrespective of geographical sampling area. Prior French surveys had always shown differences between the Opal Coast, where males were more numerous than females (sex ratio = 1.31 in 2008 and 1.74 in 2010: Dauvin et al. 2009 and Dufossé 2011, respectively) , and the Cotentin Peninsula, where the sex-ratio was favorable to females (0.81 in 2008 (0.81 in , Dauvin 2009a 0.81 in 2009 0.81 in , Dauvin 2009b 0.66-0.81 in 2010; Dauvin and Dufossé 2011) .
In general, the mating of H. sanguineus requires one female per male. Females do not mate with additional males after copulation. A single copulation provides viable sperm for at least two broods and females are again available for mating shortly after spawning (Epifanio 2013) . Thus, females can have 5 to 6 broods per year (Fukui 1988 ) with more than 50,000 eggs per brood (McDermott 1991) . A decrease of females could contribute to an important decrease of the reproductive success of this species.
Surveys conducted since 2008, indicate that H. sanguineus is 'naturalised' on the French coast and that there has been an increase in population abundance between 2008 and 2010 (Dauvin and Dufossé 2011) , suggesting that H. sanguineus had reached the 'expansion phase' at this stage.
Based on theoretical schemes, a decline of individual numbers may be associated with the occurrence of the 'persistence phase' where the number of invaders decreases after having reached maximum abundance during the 'expansion phase' (Boudouresque et al. 2005 , Figure 3) . Depending on the species considered, different dynamics may be observed during the 'persistence phase'. The 'Boom and Bust' model (Williamson 1996) observe a natural and very important decline in numbers. Others suggest an oscillatory behavior with natural fluctuations (Parker et al. 1999 Natural fluctuations can also be observed during the 'expansion phase' where maximum abundance is not reached (Figure 3 ), but variations are generally more moderate than during the persistence phase. During this research, the winter of 2012 was particularly severe; extreme winter conditions were recorded in Europe and Asia (World Meteorological Organization 2013). Between January 25 and February 16, 5-10 consecutive ice days (max air temperature < 0°C) were recorded from Cotentin to the Opal Coast (World Meteorological Organization 2013). Thus, the decrease of abundances and densities observed in La Hougue could be as a consequence of this harsh winter. In the context of different plausible scenarios, it is possible that maximum abundances have not yet been reached and values may be much higher in a few years time. Thus, the implementation of pluriannual surveys, on all target sites examined in 2012 is critical, to accurately evaluate population dynamics and help observe changes in impacted communities.
In Europe, the presence of Hemigrapsus takanoi has been observed in sympatry with H. sanguineus (Dauvin et al. 2009; Van Den Brink et al. 2012) . At Dunkirk harbour in 2010, 111±42 H. takanoi were found under 30 boulders (Gothland et al. in press) . Life history of H. takanoi is not well documented but it appears similar to H. penicillatus. The latter presents some features such as early sexual maturity (6.4 mm CW; Fukui 1988), a high dispersal ability (larval phase) and a high fecundity (5,000 to 10,000 eggs, 5 to 6 broods per year; Pillay and Ono 1978) , which can create a strong competitor for H. sanguineus. Thus, current and future European surveys about the dynamics of H. sanguineus populations could bring complementary information to American works and surveys where no H. takanoi are found.
